Urinary tract infection with Pseudomonas aeruginosa was induced in mice by transurethral inoculation of the organism into the bladder, followed by urethral obstruction for 6 h. The infection was mostly localized in the urinary organs. P. aeruginosa P 9 was selected as the challenge organism from 10 laboratory strains of P. aeruginosa. After the inoculation of 107 colony-forming units of P. aeruginosa P 9, transient bacteremia was observed in some of the mice from 6 h to 1 day after the inoculation. The number of organisms in the bladder tissue gadually decreased, whereas that in the kidneys increased to levels of 106 to 10' colonyforming units in 3 days, and these levels remained up to 2 weeks after the inoculation. The organisms gradually disappeared thereafter, and spontaneous recovery took place. The organisms could be recovered from the kidneys of 95% of the mice, and the gross lesions in the kidneys were observed in 77% of the mice 1 week after inoculation. The method developed here is simple and may be useful in the study of urinary tract infections due to P. aeruginosa and other species of bacteria.
Urinary tract infection with Pseudomonas aeruginosa was induced in mice by transurethral inoculation of the organism into the bladder, followed by urethral obstruction for 6 h. The infection was mostly localized in the urinary organs. P. aeruginosa P 9 was selected as the challenge organism from 10 laboratory strains of P. aeruginosa. After the inoculation of 107 colony-forming units of P. aeruginosa P 9, transient bacteremia was observed in some of the mice from 6 h to 1 day after the inoculation. The number of organisms in the bladder tissue gadually decreased, whereas that in the kidneys increased to levels of 106 to 10' colonyforming units in 3 days, and these levels remained up to 2 weeks after the inoculation. The organisms gradually disappeared thereafter, and spontaneous recovery took place. The organisms could be recovered from the kidneys of 95% of the mice, and the gross lesions in the kidneys were observed in 77% of the mice 1 week after inoculation. The method developed here is simple and may be useful in the study of urinary tract infections due to P. aeruginosa and other species of bacteria. Pseudomonas aeruginosa is one of the major pathogens of nosocomial infection. Infection by this organism is often difficult to eradicate and poses a serious therapeutic problem because the patients have a lowered resistance to infection due to several factors and the organism is resistant to many chemotherapeutic agents. The urinary tract of humans is a common site of P. aeruginosa infection, which frequently follows catheterization, cystoscopy, and operations on the bladder (4, 27) . To study the chemotherapy of and the host-parasite relationship in urinary tract infection with P. aeruginosa, a suitable experimental model is necessary.
There are many different methods to induce urinary tract infection in laboratory animals (3, 13, 20) . Urinary tract infection models with P. aeruginosa have been mainly of two types, i.e., hematogenous and ascending infection. As a model of hematogenous infection, several workers have used intravenous injections of the organism (5) (6) (7) (8) 19) , but the closeness of the kidney infection dose to the lethal dose makes this model difficult. To increase the susceptibility of the kidneys to P. aeruginosa, artificial manipulations such as administration of ferric sorbital citrate (2) or 2-bromoethylamine hydrobromide (26) , massage of the renal parenchyma, thermocautery injury of the renal medulla, and ureteral ligation (23) have been performed before intravenous inoculation of the organisms. As a model of ascending infection, methods such as surgical implantation of a foreign body with inoculation of P. aeruginosa into the bladder (24) , inoculation of the organism into the renal pelvis by transvesical ureteral catheterization (21) , and inoculation of the organism into the obstructed ureter (14) have been used. In addition to these methods, direct microinoculation of the organism into the kidney (9) has also been tried.
Clinically, most urinary tract infections are indicated to occur by the ascending route (4, 22) . Moreover, obstruction to the flow of urine is well recognized as one of the most important predisposing factors in urinary tract infection (18, 20, 22) . Based on the above observations, a simple method which needed no surgical procedures was devised to induce an ascending urinary tract infection with P. aeruginosa in mice. Agglutination test. The microtiter method was used. Antigen (0.025 ml) was added to serial twofold dilutions of test serum (0.025 ml), and agglutinin titers were read after incubation at 37°C overnight. The antigen was the suspension of Formalin-killed P. aeruginosa P 9 in phosphate-buffered saline (pH 7.2) which was adjusted to the density of 0.25 read at 660 nm by a Coleman Junior II spectrophotometer (Coleman Instruments, Oak Brook, Ill.).
Histopathological examination. Specimens obtained from some animals were fixed in 10% neutral Formalin, embedded in paraffin, stained by hematoxylin and eosin, and examined by optic microscopy.
RESULTS

Effect of several factors on the infection.
The virulence of the 10 laboratory strains of P. aeruginosa was tested in the urinary tract infection in CF#1/K mice with and without tempo- (Table 1) . With only inoculation of P. aeruginosa into the bladder of mice, the incidence of bacterial recovery from the kidneys and gross renal lesion formation was low. Only in the case of IID 1117 infection was a high incidence of bacterial recovery observed.
Temporary urethral obstruction markedly increased the incidence of renal infection by all the strains used. Strains P 4, P 5, P 9, and no. 15 especially induced a high incidence of bacterial recovery from the kidneys and gross renal lesion formation. High mortality was observed in the mice infected with strains P 4, IID 1117, and no.
15.
Three strains of mice were susceptible to the urinary tract infection with P. aeruginosa P 9 in the diminishing order of CF#1/K, Slc:ddY, bCF#1/K mice were transurethrally inoculated with 0.05 ml of bacterial suspension followed by urethral obstruction for 6 h. Bacterial suspension was prepared from an overnight culture (7.0 x 103 to 16.0 x 10' CFU per ml) by serial 10-fold dilution with saline solution.
'CF#1/K mice were transurethrally inoculated with 0.05 ml of bacterial suspension (3.9 x 107 to 6.0 x 10' CFU per mouse) followed by urethral obstruction for 0 to 8 h.
d Survived animals were autopsied at 6 to 9 days after inoculation.
e Positive rate.
and JCL:CF#1 (Table 2) . With the challenge dose of 107 CFU of P. aeruginosa per mouse, the organism was recovered from the kidneys of 95% of the mice, and gross renal lesions were observed in 77% of the mice. The lower the challenge dose inoculated, the lower the morbidity became. Urethral obstruction for 4 h or more resulted in marked increase in morbidity. After 6 h of urethral obstruction, a high incidence of bacterial recovery from the kidneys (92%) and gross renal lesion formation (76%) were observed. Urethral obstruction for 7 h or more increased the mortality of infected mice.
Characteristics of the experimental urinary tract infection. Under sodium pentobarbital anesthesia (50 mg/kg, intraperitoneally), 107 CFU of P. aeruginosa P 9 were inoculated transurethrally into the bladders of CF#1/K mice, followed by the clamping of the external urethral meatus for 6 h.
The relations between the daily change in the number of bacteria in the urine and the presence of urinary tract infection at 7 or 13 days after inoculation were examined in 38 mice (Table 3) . Most of the mice shedding more than 105 CFU/ml of urine at 3 days excreted the same level of organisms in the urine thereafter and developed urinary tract infection. To clarify further the relationship between the number of bacteria in the urine and renal infection, the results of the experiments in 374 mice, which were inoculated with 104 to 108 CFU of P. aeruginosa P 9, are summarized in Table 4 . In mice shedding more than 105 CFU/ml of urine, the incidence of bacterial recovery from the kidneys and gross renal lesion formation was 95 and 83%, respectively. On the other hand, in mice shedding less than 103 CFU/ml of urine, no bacterial recovery was observed in the kidneys of 78% of the mice. In mice shedding 103 to 104 CFU/ml of urine, positive renal culture and positive gross renal lesion formation were observed in 91 and 17%, respectively. These results indicate that, in the period of 3 days to 2 weeks after inoculation, most of mice shedding more than 105 CFU of P. aeruginosa per ml of urine established urinary tract infection. Therefore, to follow the course of the infection, the mice judged to have urinary tract infection by bacterial count in the urine were used for the evaluation.
The bladder wall that was congested from 5 min to 1 day became thickened from 1 to 3 days after inoculation and thereafter gradually returned to normal (Table 5 ). Gross renal lesions were visible in about 70% of the mice after 1 day and in almost all of the animals 3 days after the inoculation. The gross lesions were frequently observed in only one of the kidneys, and the The average number of bacteria recovered from the bladder tissue was 1045 CFU/ml at 5 min after inoculation (Fig. 3) . Although some 10-to 100-fold increase was observed in some of the mice 1 to 3 days after inoculation, the bacterial count gradually declined in the majority from 6 20 (15) 19 (14) 8 4(0) 7 (1) 7 (1) 3 days 12 12 12 (2) 12(11) 0
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2 weeks 6 6 6 (2) 6 (6) increased to reach levels of 106 to 107 CFU by 3 days, and these levels persisted until 2 weeks after inoculation. Thereafter, the number of organisms began to decrease, and the challenge organism disappeared from the kidneys in four out of five mice 6 weeks after inoculation.
Serum agglutinin titers in infected mice are shown in Fig. 4 . Antibody titers began to rise at 7 days after inoculation, and from 2 weeks onward, all the sera tested showed titers of 1:4 to 1:128. Even at 12 weeks, five sera tested showed similar titers.
DISCUSSION
Urinary tract infection due to P. aeruginosa frequently follows catheterization, cystoscopy, or operations on the bladder (4, 27) . Generaly, the urinary tract of experimental animals is resistant to infection, and just inoculation of bacteria into the bladder induces almost no urinary tract infection. Therefore, various artificial manipulations were necessary to increase the susceptibility of the animals to urinary tract infection (3, 13) . Experimental study, however, has shown that a high incidence of vesicoureteral reflux occurs in the anesthetized rats, and renal infection occurs readily (1) . Shimono and Yanagawa (25) (3, 20, 22) . Urethral obstruction for 4 h or more after the intrabladder inoculation of P. aeruginosa P 9 resulted in renal infection, and the morbidity increased as the duration of the obstruction was prolonged. the bladder and observed that spontaneous renal infection frequently occurred by the organisms residing in the urethra. Although the experimental method used in the present study has some similarity to that of Heptinstal, spontaneous renal infection of mice by the intrabladder inoculation of the sterile saline solution was observed only in a much smaller portion of the kidneys. In addition, no organisms other than the challenge organisms were cultured from the kidneys of mice infected with P. aeruginosa (unpublished data). Heptinstal frequently observed hemorrhages under the forniceal epithelium presumably because of the pressure transmitted by the injected inoculum (10) . In the present study, however, no recognizable changes other than some dilatation of the renal pelvis were observed during the preliminary histopathological examination.
The 10 laboratory strains of P. aeruginosa tested showed a different virulence for the urinary tract of mice. Interestingly, strain NC-5, which is shown to have a high virulence by intraperitoneal infection in mice (16, 17) , showed a low virulence for the urinary tract of mice. The result suggests that the virulence factors of P. aeruginosa in the urinary tract infection may be different from those in the intraperitoneal infection, and the experimental model described in this report may provide a suitable means for elucidating this. In addition, urinary tract infections with other bacterial species such as E. coli, Klebsiella pneumoniae, Proteus mirabilis, and Staphylococcus aureus were easily produced in mice with the method described here.
